Results and discussion
We compared IL-4Rα -/-mice and IL-4 -/-mice in their ability to control N. brasiliensis infections. Infective third stage (L3) larvae of N. brasiliensis that are injected subcutaneously migrate to the lungs (day 1-2), where a strong eosinophilic inflammatory response is induced. Larvae are coughed up and swallowed (day 2-4), and mature into egg laying adults in the jejunum (day [5] [6] [7] [8] . In immunocompetent mice, adult worms are eventually expelled by day 9-11 after inoculation. Egg counts in the feces of infected IL-4 -/-mice were 2-2.5-fold higher than those of congenic BALB/c control mice (Figure 1a) . Nonetheless, IL-4 -/-mice mounted a protective immune response and expelled mature worms with kinetics comparable to controls ( Figure 1b) . In contrast, in IL-4Rα -/-mice the number of worms in the intestines and the fecal egg counts remained high until the mice were sacrificed 13 days after infection (Figure 1b) . Although the number declined with time, worms were still present in IL-4Rα -/-mice until 75 days after infection (160 worms on day 28, 130 worms on day 49, and 50 worms on day 75; data not shown). The inability of IL-4Rα -/-mice to recover from the infection might result either from a defect in preventing larvae from developing in the lung and migrating to the gut or from a defect in the expulsion of egg laying adults. The number of worms in the intestines was not significantly different between groups of mice at day 7. These results suggest that IL-4Rα -/-mice failed to expel adult worms.
Previous studies have suggested that IL-4 is sufficient but not necessary for protection against infection with N. brasiliensis. Thus, chronic infection in immunodeficient SCID mice or mice depleted for CD4 + T cells can be cured by treatment with antibody-complexed recombinant IL-4 [10] . IL-4 -/-mice [6] and mice treated with anti-IL-4 antibody [11] expelled worms normally, however. Our finding that IL-4Rα -/-mice developed chronic infections demonstrates that a factor other than IL-4 signals through IL-4Rα to control expulsion. Several observations indicate that this factor is IL-13: firstly, IL-4 and IL-13 have many overlapping activities [7, 8] ; secondly, they both bind to the type II IL-4 receptor complex, which consists of IL-4Rα and IL-13Rα1 [12] ; and thirdly, macrophages from IL-4Rα -/-mice are unresponsive to both IL-4 and IL-13 as they fail to inhibit the production of nitrous oxide (M.M. and F.B., unpublished observations).
To test whether IL-13 itself can induce worm expulsion, we treated RAG2 -/-mice infected with N. brasiliensis with recombinant mouse IL-13. As expected, untreated RAG2 -/-mice developed a chronic infection, indicated by the substantial number of worms present in the intestines when they were sacrificed 13 days (Figure 1c ) or 4, 6, 8, or 10 weeks (data not shown) after infection [10] . Repeated injection of recombinant IL-13 into infected RAG2 -/-mice resulted in a significant reduction of adult worms recovered at day 13 ( Figure 1c ). The incomplete worm expulsion by RAG2 -/-mice treated with recombinant IL-13 might be explained by a short in vivo half-life and limiting local concentrations of the recombinant cytokine [10] . More recently, it has been shown that IL-13 -/-mice, unlike IL-4 -/-mice, are defective in expulsion of N. brasiliensis and another nematode, Trichuris muri [13, 14] . On the other hand, it has been demonstrated that protective immunity to the nematode Heligmosomoides polygyrus did not develop in IL-4 -/-mice (G. Le Gros, D. Pritchard and M.K., unpublished observations) or in mice treated with an anti-IL-4 monoclonal antibody [15] . These results suggest that IL-4 and IL-13 do not play simply redundant roles but that one or the other can be dominant in the expulsion mechanism, which might differ from worm to worm. The mechanism of worm expulsion remains elusive. Although intestinal mastocytosis, eosinophilia, and IgE responses are common features of a Th2 response, none of these appears to be important for control of N. brasiliensis [2] . IL-4 and IL-13 may differentially act on intestinal epithelial cells expressing an IL-4 receptor to alter gut physiology and create a hostile environment to nematodes [16, 17] .
We also determined the polarization of T-helper subsets in mesenteric lymph nodes of infected mice. As expected, in healthy BALB/c mice N. brasiliensis induced a strong primary Th2 response, demonstrated by high levels of IL-4, IL-5, IL-10, and IL-13, and low levels of interferon-γ (IFN-γ) secreted by CD4 + T cells ( Figure 2 ). In IL-4 -/-mice, the level of the Th2 cytokines IL-5, IL-10, and IL-13 was reduced by 63%, 79%, and 46%, respectively, while IFN-γ levels were elevated ( Figure 2) . Thus, as suggested previously, Th2 cytokine responses were impaired but not abrogated in infected IL-4 -/-mice [3] [4] [5] 18] . In infected IL-4Rα -/-mice, Th2 cell differentiation was more severely affected. Production of the Th2 cytokines IL-4, IL-5, IL-10, and IL-13 was reduced by between 83% and 90% ( Figure 2 ). Paradoxically, IFN-γ production was not elevated in IL-4Rα -/-mice (Figure 2 ), as it was in IL-4 -/-mice, although both mutant strains had a reduced IgG1 and an increased IgG2 response (data not shown), indicating that there were default Th1 responses after infection.
To further characterize CD4 + effector T cells in the different strains, we measured expression of both the transcription factor GATA-3, and the surface molecule CD30, which Taken together, these data suggest that the development of Th2 cells can be regulated by either IL-4 or IL-13, although we cannot exclude the possibility that an as yet unidentified ligand signals through IL-4Rα. As a consequence, IL-4 -/-mice are only partially defective for Th2 responses [3] [4] [5] 18] . The residual levels of Th2 cytokines including IL-5 and IL-13 produced by CD4 + cells in IL-4 -/-mice might be sufficient to maintain Th2 effector responses such as eosinophilia and worm expulsion, respectively. How IL-13 effects Th2 polarization remains elusive. IL-13 cannot directly promote growth and differentiation of naive CD4 + T cells in vitro [23] (our unpublished observations). IL-13, however, through its capacity to downregulate IL-12 [24] , an inhibitor of Th2 development, may indirectly promote Th2 responses.
Although much is known about the IL-4 and IL-13 receptors, the structure of the different receptor complexes remains far from understood. The type I IL-4 receptor complex consists of IL-4Rα, which is a high-affinity interleukin-binding chain, and the common γ-chain (γc) and binds only IL-4. The type II IL-4 receptor complex contains IL-4Rα and IL-13Rα1 and binds both IL-4 and IL-13 [9] . Another IL-13-binding protein, IL-13Rα2, specifically recognizes IL-13 with high affinity in the absence of a co-receptor but might also interact with IL-4Rα [25] . Our results suggest that both IL-13 and IL-4 require IL-4Rα to mediate Th2 responses to nematode infections and possibly allergic responses. This conclusion is supported by two recent publications, which also demonstrate that IL-13 and the IL-4Rα are required for expulsion of N. brasiliensis [13, 26] .
Materials and methods

Mice, nematode inoculation and analysis of infection
IL-4 -/-mice were generated as described and backcrossed for eight generations onto BALB/c [3, 27] . RAG2 -/-mice [28] were backcrossed for 13 generations onto BALB/c at the Basel Institute for Immunology. BALB/c control mice were provided by IFFA-Credo. Mice were kept pathogen-free in a barrier facility. IL-4Rα -/-mice were generated by gene targeting in BALB/c embryonic stem (ES) cells (M.M., B. Lederman, A. Dorfmuller, F.B., unpublished). For experiments, 8-12-week-old mice of both sexes were used and kept in microisolator cages. N. brasiliensis was maintained by passage through Tif Rai rats. Mice were inoculated with 750 L3 larvae by subcutaneous injection. Parasite egg numbers were determined from group samples collected daily and prepared by formaldehyde fixation and ether extraction. Numbers of adult worm numbers in individual mice were determined by removing the small intestine, slicing it open, and submerging it in a gauze bag in 0.9% NaCl solution at 37°C to allow worms to migrate out.
Isolation of CD4 + T cells and cytokine ELISA assays
Mesenteric lymph nodes were excised at day 7 after infection, teased to single-cell suspensions and depleted of CD8 + and MHC class II + cells (using monoclonal antibodies 53-6.72 and M5/114, respectively) by negative selection using magnetic beads (Dynal) according to the manufacturer's instructions. Flourescence-activated cell sorting (FACS)
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Figure 3
The expression of CD30 and GATA3 by CD4 + T cells after N. brasiliensis infection. CD4 + T cells from the indicated strains were obtained 7 days after infection and stimulated as described in the legend to Figure 2a .
(a) Cells were stained using FITC-anti-CD4 and biotin-anti-CD30 conjugated antibodies (Pharmingen) followed by polycoerythrin-streptavidin. Histograms show CD30 expression gated on CD4 + cells. (b) RNA was prepared from the indicated strains and the presence of GATA3-specific transcripts was determined by semiquantitative RT-PCR after standardization of samples for β2-microglobulin transcripts using a competitor plasmid (β2m comp) as described in Materials and methods. analysis of the resulting CD4 + T-cell population revealed 90-95% purity. Cells were kept on ice until further use for cell culture in vitro. For the ELISA assay, purified CD4 + cells from infected mice were plated (2 × 10 5 per 0.2 ml) in flat-bottomed microtiter plates (Costar) precoated with anti-CD3 monoclonal antibody 145-2C11 (10 mg/ml) and cultured with recombinant murine IL-2 (50 U/ml; Boehringer Mannheim) for 48 h. Cytokine levels in the supernatant were determined by sandwich ELISA for IL-4, IL-5, IL-6, IL-10, IFN-γ (all from PharMingen), and IL-13 (R&D).
Semiquantitative RT-PCR
Total cellular RNA was prepared after 2 × 10 6 plated CD4 + T cells from infected mice were stimulated with immobilized anti-CD3 monoclonal antibody 145-2C11 (10 µg/ml) and recombinant murine IL-2 (50 U/ml) for 48 h. RNA samples were diluted 1:5 and reverse transcripted using random hexamers for priming and Superscript-RT (GIBCO BRL) [27] ; cDNA samples were diluted 1:4 and standardized by competitive PCR for the expression of β2-microglobulin essentially as described [27] . GATA-3 transcripts were amplified by semiquantitative PCR using specific primers (forward primer 5′-TGCGGACTCTACCATAAAATG-3′ and reverse primer 5′-AGTGGCTGAAGGGAGAGATG-3′) and standardized cDNA aliquots.
